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METHODS USED IN EVALUATING DATA FOR THE INTERACTION OF
NEUTROMS WITH LIGHT ELEMENTS (A < 19)*

Leona Stewart T

Los Alamos Scientific Laboratory, Theoretical Division
University of California
Los Alamos, New Mexico 87545

ABSTRACT

In the interaction of neutrons with 1ight nuclei, many anom-
alies are observed. In particular, the probability for gamma-ray
production is generally small over most of the neutron energy
range. On the other hand, €.i, 3He, !9B, and 7Be have thermal
"absorption" cross sections which range from 940 to 48,000 barns.
108 is the only light isotope which has a positive Q for a 3-body
reaction, the (n,t2a). As the ncutron energy increases, however,
3- and 4-particle direct breakup and sequential formation cross
sections dominate the nonelastic for D, T, SLi, 7Be, 19B, and !2C
above a few MeV. For higher-mass isotopes, particle emission
(protons and a's) are often the preferred mode for deexcitation of
levels excited via (n,n') reactions, where encrgetically possible.
Very few of these partial cross sections have been measured with
the necessary precision. Problems are particularly inherent in
experiments on negative Q reactions near the 3-body threshold.
The many-body problem must be trcated as several two-body sequen-
tial steps in a theoretical analysis; the emitted particle angular
distribution is required as input, but is rarely known. Precise
knowledge ahout individual partial cross sections 1s often
important, especially when ncutron multiplication, breeding of
fusion fuel, radioactive contamination, depletion or buildup of
the target, cnergy transfer, or time-dependent parameters are
required. Specific examples are described for the evaluation of
neutron interactions with 1ight elements which employ isotopic
spin, inverse reactions, charge-conjugate reactions, and the
elastic scattering of charged particles (with Wick's Limit).

*Work supported by the U.S. Department of Energy, Division of
Reactor Rescarch and Technology, and Offices of Military
Application and Basic L[nergy Science.

¥ Currently on loan to QOak Ridge Natiounal laboratory,
Engincering Physics Department, Oak Ridyge, Tenncessee 37830.



INTRODUCTION

The evaluation of neutron interactions with 1ight nuclei is of
interest for a broad range of applications. Light ruclei are
widely used in flux monitors for cross-section standards applica-
tions, in the production and use as fusion fuels, as absorbers of
low-energy neutrons, as neutron moderators, and as neutron
multipliers. Air and water are common neutron shields. Compounds
containing hydrogen, carben, nitrogen, and oxygen are widely
employed in research and industry. Of the light stable nuclei,
only fluorine plays a minor role in applied programs. Since stan-
dards applications are included elsewhere in these proceedings,
these cross sections are not covered in this review. Evaluations
performed using theoretical models are described in the previous
paper, therefore this review includes a tabular summary only of
those data (See Table I). This paper will be concerned mainly
with briefly describing the many "tonls" which can be employed in
the evaluation of neutron interactions with 1ight e'ement reac-
tions which greatly enhance the reliability where precise theore-
tical analyses are not yet available.

METHODS EMPLOYED AS "AIDS"

Various tools can be employed in the evaluation of neutron
cross sections. They vary in complexity and detail and several are
equally valid for the higher-mass range, though rarely used.

These aids are briefly outlined in this section. Examples are
choscn to show the results of the use of these tools in the
following section. In the context of this review, it would be
impossible to give a concise derivation for each theoretical
method employed but it is hoped that the simple formulation chosen
here will appeal to a wider audience.

Wick's Limit

A minimum value of the zero-degree elastic scattering cross
section[7] is called Mick's Limit., It is obtained by assuming that
the real part of the scattering amplitude at zero degrees can be
neglected. The imaginary part of the scattering amplitude,
squared, 1s simply related by:[7]

ke[ aqr(L)12 m |2 .
o(E ,0°) >'“L"(l—“0;*z— > 3.03x10-2 (ﬁ'}{“_‘{) Loror(E)12 £ 41
In evaluating ncutron clastic scattering angular distributions to
zero degrees, this 1imit is very useful especially when using
charged-particle cxperimental data and when ncutron measurenents
do not include small angles. It also provides a check on the
zoro-degree cross sections obtained from Legeadre fits to experi-
mental data.



A note of caution should be borne in mind, hcweverr if the
zero-degree cross section is automatically set to Wick's Limit.

When the real part of the scattering amplitude is identically zero
at energy &, the neutron polarization is also identically zero at
all scattering angles at that energy.

Charge-Conjugate Reactions

Charge conjugation results from the exchange of the charge of
the projectile and target nuclei. Since (n-n), (n-p), and (p-p)
forces are the same,* charge-conjugate reactions can be used to
great advantage in the evdluation of neutror cross sections and
angular distributions for the 1ight nuclei. For ENDF/B-V, the
following evaluations widely employed charge-conjugate reactions:

Reaction Charge-Conjuaate Types of Date

n+D p+D Elastic and Non Elastic
n+T p + e Elastic and Non Elastic
n + e p+T Elastic and Non Elastic
n + “He p + “He Elastic t

In the evaluvation of the elastic scattering o7 neutrons by
deuterons, n-d data were scarce in numter and often of poor
quality. Figure 1 shows how the p-d experiments were employed,
along with Wick's Limit, in obtaining the shape and magnitude of
the n-d anqular distribhution. A Legendre fit to the n-d data
alone left much to be desired. In this case, the minimum in the
cross scction and the forward-backward peaking were reasonably
well represented by p-d scatteriag, neglecting Coulomb inter-
ference at small angles. 1t was fortuitous that rhe intcgral of
this curve agreed with oTOT = HON to within a few mb at 5.6 Mev.

Phase-Space

To complete the evaluation of the n-d interaction, an n-body
code was designed to calculate the energy and angle for the
D(n,2n) reaction. By ossuming equal probability in phase space,
the energy discribution in the center-of-mass system of any one of
the "n" particles emitted can be ropresented by:

N(Eq) dEy = Constant\/ti [E1(max) - [‘](3"/2)'4 dE

*Heglecting Crulomb effects and proton-neutron mass differences.

Tror n + “He, only the elastic channel 1s open up to 20 MeV.



where E;(max) is the maximum energy available to particle "i" and
depends only on the incident neutron energy and the Q-value of the
reaction. The anqular distributions, translated into the labora-
tory reference system, are derived from the above equation.
Experimental data for D(n,p)2n and D(p,2p) are essentially all of
the (n,2n) spectral information available for the light nuclei.

A direct comparison of the experimental D(n,p)2n proton spectra
with phase space calculations is shown in Figure 2 for 14.4-MeV
neutrons. These calculations are normalized assuming the eval-
uated op gp Cross section is 180 mb, In Figure 3, D(p,2p) calcu-
lated spectra at 13.9 MeV are compared with the extensive
experimental data. The data were smoothed to obtain the solid
lines. Note that the experimental data indicate final-state
interactions and charge effects between the two identical protons
emitted. The general agreement in magnitude is quite good, espe-
cially at small angles.

Finally, the sum over neutron energias piroduces a strong for-
ward peaking of the emitted neutrons as seen in Figure 4. The
important conclusion to be drawn is that the assumption of
isotropy in the center-of-mass system produces large anistropic
distributions in the laboratory system. Near 14 MeV, the 0°/180°
ratio is almost 100 ¥or D(n,2n) neutrons.

Inverse Reactions

A rcaction and its inverse are directly related through the
reciprocity theorem and time reversal invariance. The translation
of a reaction to its inverse (or vice versa) involves only tne
density of states, and the spins and angular momenta of vach par-
ticle in the entrance and exit channels. Both the cross sections
and anqular distributions of the rcaction products are translated
in the same manner.

No experiments were available on the 3He(n,p) reaction below 1
MeV cven though the cross section is 5327 barns at thermal encr«y.
Although a 1/v shape and magnitude could be determined from
measurements of total cross sections at low cnergies, it was
important tn extend the shape to high energies.

MQOSUYGNYTtS had been made, however, on the inverse
reaction: '

p+T =—e n+3je - 0,764 MeV,

which, when translated into the n + 3He system covered the energy
range from approximately 5 keV to 2 MeV. These results showed the
deviation from 1/v in addition to a plateau ncar 1 MeV., The
measurements are described in Ref. 1.



The classic example of inverse reactions concerns the photo-
disintegration of the deuteron. A?a1 cross-section data on this
reaction were translated into the (n y)D system in order to
extend the evaluation from thermal to 20 MeV. This example was
taken from the evaluation of Horsiey..12] The calculations from the
inverse reaction compared well with a direct measurement near 14
MeV.

Isospin

The concept of isospin* was first introduced by Heisenberg as
a method fer labelling two alternative charge states, neutron and
proton, by app.ying the Pauli spin matrix notation. Simply
stated, isospin is a shorthand way of representing the charge
independence of nuclear forces. A complete derivation cannot be
included in th's review, T instead, use is made of the formula:

1, =L (n-2),
r 2( )

where N is the number of neutrons and Z the number of protons in
the nuclei whose mass rumber is A, usuilly referred to as
"isobaric nuclei". As in physical spin, T, takes . n all integer
(or half-integer) values between -T and +7.

A diagram[13] for the mass-six isobaric nuclei is shown in
Fig. 5. From Eq. (1), the 13west value of isospin (T = 0) is
assigned to the ground state of ®Li, wrich is the stable nucleus.
5He and ®Be fovm a (T = 1) triplet witn the second excited state
in 8Li with J" = 0*. Since ®H and *B d» not exist, isospin states
with T > 1 have not boen observed. MNote that isospin states T = 0
and T = 1 are allowed in °Li while states in Blle and “Be have only
T = 1. States with the same isospin have the same J" and there-
tfo.c the same wave function. Since isospin is a qood quantum
number, it has bacume a powerful tool in the interpretation of
experinental data needed tor the evaluation of neutron interac-
tions with nuclei.

COMPARTSON OF LENDF/B-V CROSS SECTIONS

The evaluated total cross sections for hydrogen and helium
isotopey are shown in Fig. 6. txcept for the well-known
P3,7 resonance in °He, only broad structure is observed. The

broad maxinum near 3.4 MeV in “H has been assigned as a 27, T=1

*The terms isospin, isotopic spin, and isobaric spin are used
interchangeably throughout the literature.

tSee the previous paper by G. M. Hale for additional
informition.



state consistent with its isobaric analogue in “He and “Li
although a phase-shift analysis implies two and possibly four
states to this level (See Ref. 14). Since all of these levels
decay by particle emission, unique assignments are difficuit. The
nonelastic cross sestions for D, 7, and 3He are smooth.

Total cross sections for ®Li, 7Li, and %Be are compared in
Fig. 7. The peak in %Be near 2.8 MeV ascribed to two levels is
not seen in the evaluation rar the (n,2n) cross section (Fig. &),
although the (n,2n)2a reaction threshold is well below this
energy, and all levels 7. %Ce decay by neutron emission. The
shape of the evaluated Lotal cross section for 9Be above 10 MeV is
not borne out by available experimental data or theory. ©bLi is
the lowest mass nucleus for which inelastic scattering is possible
but all except the 2nd level decay by the emissi~n of a + d. The
(n,n'y) cros: sections for the second level were not available
except as upper limits but the values assumed are small due to its
J" and T assignment. This T = 1 state corresponds to the isobaric
ground states of “He and ®Be, therefore the shape and magnitude of
the °Li(n,p)®He cross section were assumed. ‘Li is the lightest
nucleus which shows a significant (n,n'y) cross section (Fig. 9).
This 478-keV level is rarely separanle from the elastic peak in a
neutron scattering experiment except at low energies so this eval-
uation was based on y-ray measurements. Due to the spin and
parity of the level, y-ray emission is isotropic so that an anqu-
lar distribution measurement was not required. Several problems
pertaining to the nonelastic cross sections and the energy-anqular
distributions of neutron producticn will be discussed in more
detail in the next section,

The tctal cross scctions for Y8, MR, and C are shown in
Fig., 10. Here the structurce is significant, especially for C. As
noted in Tabl: I, an R-matrix analysis was used for the eval-
uation of C up to 4.8 MeV. Above this enerqy, the inelastic
ccattering from the 4.44-MeV level comes in very strongly and, in
fact, shows resonance effects as scen from Fia 11. The anomaly
rear 15 MeV is not real. Since !YB is used as a standard and as
an ahsorber at low energies and !°B is nat very important, C has
been chosen to represent the varicus partials which make up the
total nonclastic cross sections. As scen from Fig. 12, the total
(n,n') is made up of the (n,n'y) end (n,n'3a) reactions. Al of
the partials show structure below 10-12 MeV. Note the large
4-bHody cross section which dominates Lhe ronelastic cross section
ahove 14 MeV. In the cvaluation, various !?C levels were assigned
to allow correclation between the (n,n') neutron encrgy and anqgle
50 that a very small part of the cross section is left in the so-
callaed "continuum" where encergy-angle effects are lumped.

The nonclastic cross sections for 1N, 100, and !Y9F are shown
in Fig. 13. Although (n,n'vy) cross s-ctions bhecome much larger
for these nuclei, it should be noted that, at high-excitation



energies, the target often decays via particle emission and these
are labeled in ENDF/B-V by flags. Otherwise it would be
impossible to check the gamma-ray production cross sections or to
calculate hydrogen and helium isotope production inducea by
neutrons.

CONTINUUM REACTIONS

As mentioned previously, the representation of continuum
neutrons for 3- and 4-body reactions is a difficult task for lignht
nuclei. Improvement can be obtained by assuming that a target has
bands of excitation energies (E * 4E), with the "real” levels
superiniposed. These bands can then represent sequential modes of
formation and decay of the levels and they preserve the erergy-
anqular distributions of the enitted neutrens. Similar treatment
is often made for heavier nuclei when a band of levels could not
be effectively separated into each compesite part.

The treatment of the ®Li(n,n'd) reaction for 5.74-MeV ncutrons
is compared with experimental measurcments in Fig. 14 at two
angles. The experimental datall6] contain the elastic peak while
the calculations include several bands of levels pius two real
levels at 2.2 and 3.5 MeV. Note that the Version IV evaluation
took no account of the encrgy and angular correlation of the
neutrons so that neutrons could be emitted at 134° with energies
higher than "allowed" by kinematics for the elastically scattered
ncutrons. This type of analysis certainly allows enceray to be
conserved and energy-anqular correlations to be used, therechy
improving the quality of the evaluation., for more details, s .
Ref. 17. The same treatment has becn applied in representing the
Be(n,2n)2a reaction, which is described with runy comparisons in
Ref. 15, A]thoug? the latter results are not ENDF/B-V due to for-
mat restrictions, B they are available in the EMDI/R format along
with uncertainty files, the only requirement is that the (n,n')
data be rmultiplied by two to obtain the total number of neutrons
in the exit channel.

HEED FOR IMPROVEMENT OF CHRDI/B-V

For the light isotopes, sceveral problems remain of which a few
are inportant and others are interesting. First, and foremont, is
the need for a format to represent the error files for the hydeo-
gen and carbon standards. Hydrogen and carbon are scattering
standards which infers that the angular distributions of thke
neutrons must have some statement of error and correlatior. The
errors on the cross sectionc, whichk are ail one finds in the files
today, are small compared te the uncertainties on the anqular
distributions.



Second, it is important to note the difference between data
measured for an isotope and for a material. For example, is the
13C resonance included in the analysis for !2C7 [s the material
Yabeled C or 2C? One knows, a priori, that most of the measure-
ments are made on a material while an R-matrix analysis considers
12c and 13C separately. The reaction cross sections, are usually
attributed by virtue of the Q-value to !2C. These commants are
not restricted to the carbon evaluation. They are directed,
instead, to a clear and concise method for labelling, if one can
be found.

Third, a better method is needed for representing (n,2n) and
(n,3n) energy and angular sp>ctra for the light nuclei. The data
can certainly be calculated today better than they can be repre-
se ted in the ENDF files. In fact the representation for all con-
tinuum reacrions for light nuclei needs improvements.

Fourth, to the author's knowledge, several isotopic evalua-
tions are not in reliable condition. The “"correct" way to improve
the evaluations is not at 211 obvious from recent measurements.
Perhaps the most important are the fuel-breeding reactions,
bti(n,n'd) and ‘Li(n,n't), above a few MeV.

The ®Li(n,n'd) reaction is compared with measurements of the
total emission cross section and the Version V evaluation
in Fig. 15. uhile the ecrrors on the measurements are considerable,
they certainly do not overlap each other nor, above 6 MeV, the
cvaluated curve. The Drake data suggest that the evaluation
should be higher and the Rosen measurements imply that the eva-
luation should be lower. Perhaps it should be noted that both
Hopkins and Drake measured the total emission spectrum, including
the (n,2n) reaction which has a 4.3-MeV threshold, whilc the a-d
star was observed by Rosen.

A consistency check was made by comparina the ®Li elastic
scattering measurements with ENDI/B-V (Fig. 16) since all other
partials are small compared to the cross sections shown in Fig.
15. This compariscn indicates that the elastic could he lowered
below about 5.5 MeV, remain the same near 5.5 MeV, and could be
lowered appreciably at higher neutron encrgies, except 14 MeV.
The oniy other obvious alternative would be a large (n,?n) cross
section which would be contrary to the imprecise data available
and hardly seems likely. 1t should be noted, however, that ecnergy
spectra of the emitted neutrons lave been compared among these
measurements and the largest discrepancies asong the data appear
for the emission of neutrons below 1 MeV.

The “Li(n,n't) reaction is shown in Fig. 17. Aqain, 2 high
and low data set exist except that now the Roscen data are high
rather than low. The Swinhoe experiments involved recovering and



measuring the tritium produced in the samples, as did the measure-
ment by Hyman (not represented). The Wyman data reproduced the
Rosen data near 14 MeV. Rosen observed the t + a star in
emulsions.

When compared to experiment, the ENDF/B-V evaluation on the
elastic scattering of neutrons by ’‘Li (Fig. 16) does not fare so
badly since all of the measurements except the first point by
Hopkins inc.ude the 478-keV inelastic level in the elastic angular
distributions. A successful method fo~ correctly representing the
angular distributions of the neutrons scattered from this level,
is not yet clear.

The nitrcgen evaluation could stand some updating for varicus
partial cross sections but these are small contributions to the
total ncnelastic cross section. The ! !B evaluation has not been
updated properly since Version I and is perhaps the least reliable
of all the evaluations of the light isotopes.

CONCLUSIONS

Although most evaluators of ENDF materials are not par-
ticularly concerned with light nuclei, the methods outlined here
are often useful in many applications. For exarmple, the X(a,n)Y
reaction gives a lower limit on alpha-particle production for the

nidy = q+t X

inverse veaction for all nuclei since it corresponds to the
ground-state transition,

In this review, it has been shown that isospin, charge-
conjuqgate reactions, phase-space arguments, and charged-particle
cross sections can often be used to improve the evaluations for
l1ight isotope reactions. A precise, theorctical treatment of the
corplete system, however, is the recormended procedure, where
practical.
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